Production systems with woody perennial plants, ideally timber trees, are technologies accepted in carbon (C) projects to mitigate climate change. This research had as purpose the estimation of C storage and fixation in coffee production systems in Cundinamarca, Colombia. Carbon in biomass, necromass and soil were estimated in coffee plantations with three different shade levels (low, medium and high) in three municipalities using IPCC's recommendations. Soil stored 75% of the total C (93.9 to 137.7 Mg C ha -1 in the upper 30 cm), followed by trees (19%). Carbon increases with a rise in shade (55.8 vs 42.0 vs 23.0 Mg C ha -1 for high, medium and low shade, respectively). These coffee plantations fixed a mean of 2.3 Mg C ha -1 year -1 , with a maximum value of ~7.1 Mg CO 2 ha -1 year -1 under a shade of 30% to 40%. Coffee plantations, especially with high shade, have a high potential of C fixation and mitigate climate change.
INTRODUCTION
The increase of global temperature, the generalized glacier melting and therefore, sea level raise, have made evident the drastic changes that endanger the permanence of plant, animal and ecosystem species in the planet (Walther et al., 2002; Bellard et al., 2012) . Some of the main causes of these changes are related to deforestation, soil degradation and fossil fuels usage, which increase greenhouse effect gases (GHG) in the atmosphere (IPCC, 2006; Andrade et al., 2013a) . This situation has caused the planning of strategies to mitigate such effects on the planet, such as source reduction (Emission Rights Commerce and Joint Implementation) and the increase of sinks (Clean Development Mechanisms -CDM) (Pearson et al., 2005) . The last one includes strategies for the adequate land use, such as agroforestry systems (AFS) like coffee with perennial wood species, which helps in carbon (C) capturing and reducing GHG emission (Albrecht & Kandji, 2003; Soto-Pinto et al., 2010; Andrade et al., 2014a) .
The coffee crop is of high importance for Colombia. Around 563,000 families economically depend on this activity and it generates over 726,000 rural jobs. Nowadays, the country produces around 1,086,000 sacks of green coffee, thus contributing with 1% of national GDP and 11.6% of agricultural GDP, locating it over other crops such as banana and flowers (FNC, 2015) . Coffee growing also contains a very little explored potential as climate change mitigation mechanism, via environmental service of C capture. Countries like Costa Rica, pioneers in providing such services, serve as a model to generate investment projects that will help fixating C in biomass and soil, by promoting AFS with coffee or other species.
The goal of this study was to estimate the potential of climate change mitigation of coffee (Coffea arabica L.) production systems with contrasting levels of shade in the municipalities of Pacho, San Juan de Rioseco and Tibacuy, Cundinamarca, Colombia.
MATERIALS AND METHODS

Area of study
The study was carried out in 45 coffee-producing farms, 15 in each of the municipalities of this study: Pacho, San Juan de Rioseco and Tibacuy, in the department of Cundinamarca. Five farms were selected by shade level (low, medium and high) in every municipality, according to the abundance of timber or fruit trees that accompany coffee (var. Castillo) and the level of shade that they projected (Table 1) . Every sampling unit corresponded to a coffee lot with ages between 2.5 and 6 years in Pacho and San Juan, and 4 to 8 years in Tibacuy.
Estimation of carbon components
Three components of the C storage were estimated: biomass (above-and bellowground), necromass and soil organic C (SOC). Aboveground biomass was estimated in a rectangular temporary sampling plot of 1000 m 2 per repetition where the trunk diameter at breast height (dbh) was measured and total height (th) of all trees with dbh ≥ 10 cm. In every main plot, two 5 × 5 m nested sub-plots were established in opposing corners where th and trunk diameter at 15 cm high (d 15 ) were measured in every coffee bush. Aboveground biomass of the individual plants was estimated using allometric models by species or life zones generated by several authors (Table 2 ). In the case of species without specific biomass allometric models, general models that included dbh, th, biomass expansion factor (BEF) and specific gravity (SG) were employed. The SG was obtained from global database (Zanne et al., 2009) or using the default 0.6 g cm -3 for the rest of species that is recommended for the tropical America by IPCC (2006) . Biomass underground was estimated using the model proposed by Cairns et al. (1997) (Table 2) .
Necromass was estimated with methods specifically for dead wood (fallen and standing) and litter. Fallen dead wood (diameter ≥ 10 cm) was estimated by line transects method: two perpendicular lines of 50 m each located in the center of the main plot, where the diameter of each piece that intercepts the line was measured (IPCC, 2006) . A specific gravity was assigned to each piece according to its hardness: hard, medium and soft (0.6, 0.4 and 0.2 g cm -3 , respectively), which was considered according to the specific gravity in accordance with the floristic composition of the tree strata. Standing dead wood was estimated in the main plot using the methods for timber volume calculations, BEF or biomass models with correction due to the inexistent biomass fraction compared to live trees of the same species. Litter was estimated by weighing fresh all dead material (diameter < 10 cm) found in ten frames of 50 × 50 cm each, distributed randomly along the main plot and taking a subsample of ~200 g to estimate dry matter (65 °C until constant weight).
SOC was estimated at a depth of 0 to 30 cm considering bulk density (BD), SOC concentration and the proportion of thick fragments (diameter > 2 mm). Soil BD was estimated with the cylinder method (5 cm in height and 5 cm in diameter), in three places per plot. SOC concentration was calculated by taking randomly 10 subsamples along the whole plot with an auger, which were later homogenized to have a composed sample to analyze by the Walkley & Black (1934) method. Thick fragment proportion was estimated with a 50 × 50 × 50 cm pit per plot, from which all such material with that size was extracted and estimated by water displacement using volumetric containers.
Carbon in biomass and necromass was estimated multiplying the dry matter by the recommended fraction (0.5) and then converting it to CO 2 e using the constant of 3.67 (IPCC, 2006) . Total C fixation in biomass was calculated dividing its storage in total biomass between age. Potential impact of a shade level change on the C fixation in total biomass of every municipality was estimated. This was calculated as a 3 × 3 matrix corresponding to all possible changes of shade level, without considering the municipality. The intersections are considered as the effect of these changes. Positive values correspond to increases on fixation rate, while negative ones indicate reductions, which lead to GHG emissions.
Data analysis
Variance analyses were carried out using the completely randomized design with three treatments and five repetitions per municipality, after testing the assumptions. The differences between treatments in every municipality were analyzed by Fisher LSD test at 5% probability. All statistical analyses were carried out with the software Infostat. Table 2 . Allometric models to estimate above and bellowground biomass of trees in coffee plantations of Cundinamarca, Colombia.
Species
Model Source Aboveground biomass 
Bellowground biomass
Multi-species Ln(BB) = -1.0587 + 0.8836*Ln(AB) Cairns et al. (1997) 3. RESULTS AND DISCUSSION
Carbon storage components
Most of the C storage in the systems was located in the soil (75%). These AFS stored a mean of 161.8 Mg C ha -1 with some differences between shade levels: 149.5 vs 161.7 vs 174.2 Mg C ha -1 for low, medium and high shade, respectively ( Figure 1 ). The highest values found in medium shade are possibly due to the species used in the upper stratum, which could have higher timber volume, biomass and C because of being timber and at the same time generate less shade. Andrade et al. (2014b) state that in coffee crops shade canopy influenced notoriously in C storage. These values are greater than those of coffee crops in Guatemala, which were estimated in 127.6 Mg C ha -1 (Schmitt-Harsh et al., 2012) . But they are very similar to 161.3 Mg C ha -1 in AFS with different shade settings in Mexico (Soto-Pinto & Aguirre-Dávila, 2015) . Van Rikxoort et al. (2014) also found that traditional multiple crops contain much more C in biomass than monocultures (42.5 vs 10.5 Mg C ha -1 , respectively).
The same pattern of C storage distribution was observed in the three shade levels, given that trees were the second most important component (19% of total); while the other C sinks stored between just between 1.2% and 2.0% of the total. Coffee production systems in Tibacuy stored more C in biomass and necromass than those in San Juan and Pacho (49.5 vs 42.9 vs 28.4 Mg ha -1 , respectively) ( Figure 1a ). Trees captured, on average, 77% of the total of C in biomass and necromass. Although there were no statistical differences (p > 0.05) in C between shade levels, C storage raised with the increase of shade: the coffee systems with high shade captured 55.8 Mg ha -1 , which is 33% and 143% greater than medium and a low shade, respectively (Figure 1a ). This behavior is related with the abundance and type of tree species associated to each system, because these store a large amount of C in biomass (Andrade et al., 2014b) .
Coffee bushes that contributed with 6% of total C in biomass and necromass, with some non-significant differences (p > 0.05) between municipalities: in Pacho, they stored more C than in Tibacuy and San Juan (2.0 vs 1.8 vs 1.2 Mg ha -1 , respectively). However, the three municipalities showed totally different tendencies in this sink. In Pacho, significant differences (p < 0.05) were detected between systems: 3.1 vs 1.6 vs 1.2 Mg C ha -1 for high, medium and low shade, respectively. In San Juan and Tibacuy statistical differences (p > 0.05) were not found. Apparently, these variations of C in coffee bushes occur primarily due to factors such as plantation age and management rather than shade level. Ávila et al. (2001) found a C storage of 1.2 Mg C ha -1 in coffee systems associated with Eucalyptus spp. in Costa Rica, which are congruent with the findings with low shade in Pacho and medium shade in Tibacuy. Andrade et al. (2014b) estimated a C storage of 2.2 Mg C ha -1 in a 3.5-years coffee monoculture in Líbano, Tolima; values higher than those of this current study.
Carbon stored in bellowground biomass varied between 13% and 16% of the captured by the aboveground component (Figure 1a ). These numbers are totally discordant with those reported by Andrade et al. (2014a) , who state that coffee plants in Tolima store their biomass underground soil 50% of what is found aboveground. Frequently, the biomass component of roots is discarded from C inventories in AFS, ignoring a possible potential of 10 and 40% of total contribution, depending on the climate (Andrade & Ibrahim, 2003) . These studies gave a key information for the inclusion of this component in C projects.
Necromass was the less important C component, given that it stored only between 1% and 6% of the total (Figure 1a) . It was detected a statistical effect (p < 0.05) of the shade level in this sink, finding the greatest values in high shade (6.0 Mg ha -1 ), exceeding 35% and 82% those of low and medium shade, respectively.
This tendency was clearly observed in Pacho and San Juan de Ríoseco because C in this sink was rising as shade increased, while in Tibacuy the tendency was the opposite (Figure 1a ). In the same way, significant differences (p < 0.05) were detected between the municipalities, given that coffee production systems from San Juan and Tibacuy stored 60% more C in their necromass in comparison with Pacho ( Figure 1a 2011) found 2.1 to 2.9 Mg ha -1 in Costa Rica. Leaf litter is related to tree density and their species, particularly foliage biomass (Prescott, 2002) , and play a major role in the dynamic of C and nutrients in the generation of environmental services and adaptation of land use systems to climate change (Andrade et al., 2013b) .
SOC was the main sink in these coffee production systems, since it stored between 60% and 93% of the total (86.1 to 183.4 Mg ha -1 in the upper 30 cm of the soil) ( Figure 1b ). No significant differences (p > 0.05) were found among the shade levels of the three municipalities studied. However, soils of Tibacuy and Pacho stored much more C than in Tibacuy (137.7 vs 132.9 vs 93.9 Mg ha -1 , respectively) ( Figure 1b ). In Pacho, SOC was higher in low shade than in medium and high (183.3, 114.2 and 101.3 Mg C ha -1 , respectively), which contrasted with San Juan de Rioseco and Tibacuy, where the highest SOC occurred in medium shade, followed by high and low for last (100.2 vs 95.5 vs 86.1 and 182.1 vs 121.1 vs 109.9 Mg ha -1 for San Juan and Tibacuy, respectively). No direct relation was found in C in necromass and SOC, thus showing the importance of other soil determining factors such as parental material, the weather, handle and history of the soil (Bockheim & Hartemink, 2017) . In contrast, Tumwebaze & Byakagaba (2016) state that AFS with coffee in Uganda has more SOC than those coffee plantations without trees (54.4 vs 51.4 Mg C ha -1 , respectively). Andrade et al. (2008) found similar results also in AFS with cocoa (50% and 40% for SOC and clump biomass, respectively). These results show the importance of the shade canopy in C storage, since cocoa plantations are commonly grown with more shadow tan coffee plantations (Beer et al., 1998; Schroth et al., 2001) . Ávila et al. (2001) reported values of 108.6 Mg C ha -1 in coffee AFS with Eucalyptus spp., data close to the ones obtained in the medium shade system. C storing range in these AFS with coffee, without including SOC, was 13.1 to 62.8 Mg ha -1 , values that can be compared to the C stocks in secondary forests and intervened primary forests (Brown, 1997) .
Total carbon storing in coffee plantations
Coffee plantations in three municipalities showed differences in carbon capture: in Tibacuy, they had 16% and 37% more than in Pacho and San Juan de Ríoseco (187.2 vs 161.5 vs 136.8 Mg C ha -1 , respectively) ( Figure 2 ). However, different tendencies occurred in the three municipalities. In San Juan de Ríoseco, shade increase raised carbon stock; while in Pacho, the tendency was the opposite; and in Tibacuy there was no clear pattern by having the highest carbon stored in coffee plantations with medium shade (Figure 2) . The results suggest that the abundance of tree species that accompany AFS and according to there are for timber or service, affect C storing in soil as said by several authors (Andrade et al., 2014b; Somarriba et al., 2013) . Results indicate that here is no direct relation between floristic composition and shade C fixation rates (Isaac et al., 2007; Häger, 2012) . This means there can be other species that may offer high shade but do not contribute in a significant way with this environmental service.
Carbon Fixation in total biomass
Coffee production systems fix C in total biomass at an average rate of 2.3 Mg C ha -1 year -1 (0.9 a 5.3 Mg C ha -1 year -1 ), with a few differences between municipalities: 1.8 vs 2.1 vs 3.0 Mg C ha -1 year -1 for San Juan, Pacho and Tibacuy, respectively (Figure 2 ). In the same way, there were significant differences (p < 0.05) in coffee fixation rates in every system, where an increasing C fixation was detected as shade was increased in the AFS of Pacho and San Juan de Ríoseco: maximum in high shade (2.7 Mg C ha -1 year -1 ), which surpassed in 23% and 130% systems with medium and low shade, respectively (Figure 2 ). In Tibacuy, C fixation in biomass presented the same tendency than storage: higher in medium shade than in high and low (6.2 vs 2.7 vs 1.8 Mg C ha -1 year -1 ). These values are congruent with those of 2.7 Mg C ha -1 year -1 estimated by Segura & Andrade (2012) . On the other hand, Oelbermann et al. (2004) and Hergoualc'h et al. (2012) in Costa Rica, and Andrade et al. (2014a) in Colombia showed that AFS with coffee fix more C than in monoculture.
Figure 2.
Total carbon storage and fixation rate in total biomass in coffee production systems in three municipalities of Cundinamarca, Colombia. Error bars correspond to mean standard error. Bars with different letters indicate statistical differences (p<0.05) among shade levels by municipality. Carbon stored in soil refers to a 0 to 30 cm depth.
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Mitigation of Climate Change of Coffee Production Systems... Trees in AFS with medium shade in Tibacuy presented rates very similar to those estimated by Andrade et al. (2014a) in coffee plantations with C. alliodora in Líbano, Tolima (4.9 Mg C ha -1 year -1 ). In Pacho and San Juan de Rioseco, the highest C fixation rate in trees occurred in the high shade system followed by medium and low shade: 2.0 vs 1.6 vs 0.6 Mg C ha -1 year -1 , respectively (Figure 2) . These contributions in C fixation systems are related to age, abundance and composition of shade canopy (Somarriba et al., 2013) . Segura & Andrade (2012) reported C fixation values in trees in coffee plantations under different certification standards (4.2 a 11.8 Mg C ha -1 year -1 ), which are really higher than those found in Cundinamarca's coffee plantations. Andrade et al. (2014b) found a C fixation in AFS highly dependent of the shade canopy composition: 3.6 and 1.2 Mg C ha -1 year -1 for Cordia alliodora and Hevea brasiliensis, respectively. Similar results were reported by Marín et al. (2016) in AFS with cocoa in Tolima, Colombia.
The highest C fixation rates in biomass were reached in medium shade systems, followed by high and low level shade (3.2 vs 2.5 vs 1.3 Mg C ha -1 year -1 ). In coffee plants, the highest C fixation in biomass in Pacho was found in high shade (0.9 Mg C ha -1 year -1 ), which was 33% greater than in low and medium shade. The highest fixation rate in coffee bushes in San Juan was found in low shade (0.6 Mg C ha -1 year -1 ), even though medium shade stored more C in this component (1.6 Mg C ha -1 year -1 ), without significant difference (p > 0.05). In Tibacuy, coffee AFS with low shade fixed C at a rate similar to high shade, but these were significantly superior (p < 0.05) to medium shade (0.5 vs 0.4 vs 0.3 Mg C ha -1 year -1 , respectively). Biomass and C of woody perennial crops is affected by the shade canopy features, as proven by Isaac et al. (2007) .
These findings are congruent with other authors' estimates, with slight differences. Andrade et al. (2014a) found values slightly higher in AFS with C. alliodora in Líbano, Tolima, Colombia (0.6 to 0.8 Mg C ha -1 year -1 ); whereas Ávila et al. (2001) found fixation rates of 0.4 Mg C ha -1 year -1 in AFS with coffee at semi-shade in Costa Rica, which is similar to what was found here. Segura & Andrade (2012) found lower values in coffee crops associated with trees (0.2 Mg C ha -1 year -1 ), along with Andrade et al. (2014b) , who reported a C fixation rate of coffee AFS with Hevea brasiliensis of 0.4 Mg C ha -1 year -1 . Carbon fixation in trees, which contributed with 70% of total biomass, was higher in Ávila et al. (2001) findings: from 0.3 Mg C ha -1 year -1 for coffee in association with poró (Erythrina poepigiana) until 1.1 Mg C ha -1 year -1 for coffee associated with eucalyptus (Eucalyptus spp.). Andrade et al. (2014b) reported C fixation values higher than those found in this study for coffee-C. alliodora AFS, but similar in coffee in monoculture or in AFS with plantain; whereas in AFS with rubber, the fixation averages were lower than the ones evaluated here (5.3, 0.7 and 1.6 Mg C ha -1 year -1 , respectively).
Shade was more related to storage than fixation rate (r = 0.43 and p < 0.05 vs r = 0,15 and p = 0.31, respectively) (Figures 3a and 3b ). However, tendencies indicate that C stabilized in ~62 Mg C ha -1 when shade reached ~60% (Figure 3b ). It means that higher shade does not seem to cause positive effects in C capture in biomass and necromass. On the other hand, at those same levels of shade, C fixation rate seem to fall slightly (~2.8 Mg C ha -1 year -1 ) (Figure 3b ) from the maximum value (7.1 Mg C ha -1 year -1 ) reached at shade between 30% and 40% (Figure 3b ). On this sense, Andrade et al. (2014b) estimated that maximum C fixation in coffee plantations with C. alliodora in Líbano, Tolima, Colombia gets to a 33% of shade, which matches with the recommendations of Federación Nacional de Cafeteros de Colombia.
Impact of shade management in carbon fixation
The potential changes in C fixation in total biomass due to the effect of alterations in shade level are shown in Table 3 . In Pacho and San Juan, the best scenario would be to pass from low shade to high shade, which would increase C fixation rates in 5.5 Mg CO 2 ha -1 year -1 (Table 3 ). In Tibacuy, the most positive change in shade would be to increase it from low to medium shade, which would increase fixation in 13.9 Mg CO 2 ha -1 year -1 . In projects of mitigation of climate change through C capture in land use, land use change and forestry, C additionality is estimated as the C capture above those reached in absence of an activity or given project (Valatin, 2011) . Table 3 . Effects of potential changes in shade level on atmospheric C fixation in total biomass in coffee production systems in three municipalities of Cundinamarca, Colombia.
Future shade level Low
Medium High Pacho 
CONCLUSIONS
Coffee production systems in Pacho, San Juan de Rioseco and Tibacuy present a potential for the mitigation of climate change when capture atmospheric C in biomass, necromass and soils. The main C sink was soil, which stored 75% of the total (121 Mg C ha -1 ) at a depth of 0 to 30 cm. Trees contributed with 77% of the total of C stored in biomass and necromass; whereas this last component had a little contribution to C storage in coffee plantations (1% to 6% of total). Pacho, San Juan and Tibacuy coffee plantations stored in biomass and necromass on average 40.3 Mg C ha -1 , being the AFS with a high shade the greatest sink (55.8 Mg C ha -1 ), surpassing between 33% and 143% medium and low shade, respectively. This indicates the importance of shade canopy in the environmental service of climate change mitigation. AFS with medium shade in Tibacuy showed the highest rates of accumulation of this GHG in biomass (3.6 Mg C ha -1 year -1 ).
Increases in the levels of shade in these coffee plantations, changing from low shade to medium shade and high shade, would cause a C addition between 5.5 and 13.9 Mg CO 2 ha -1 year -1 . This shade increase presents an opportunity to fix more C and grant access to projects of payment for environmental services, which would represent a benefit in livelihoods of local populations.
